The type I 3-dehydroquinate dehydratase (DHQase) which catalyses the reversible dehydration of 3-dehydroquinic acid to 3-dehydroshikimic acid is involved in the shikimate pathway for the biosynthesis of aromatic compounds. The shikimate pathway is absent in mammals, which makes structural information about DHQase vital for the rational design of antimicrobial drugs and herbicides. The crystallographic structure of the type I DHQase from Salmonella typhi has now been determined for the native form at 1.78 A Ê resolution (R = 19.9%; R free = 24.7%). The structure of the modi®ed enzyme to which the product has been covalently bound has also been determined but in a different crystal form (2.1 A Ê resolution; R = 17.7%; R free = 24.5%). An analysis of the three available crystal forms has provided information about the physiological dimer interface. The enzyme relies upon the closure of a lid-like loop to complete its active site. As the lid-loop tends to stay in the closed position, dimerization appears to play a role in biasing the arrangement of the loop towards its open position, thus facilitating substrate access.
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Introduction
The enzyme 3-dehydroquinase (3-dehydroquinate dehydratase; DHQase; EC 4.2.1.10) catalyses the reversible dehydration of 3-dehydroquinic acid to 3-dehydroshikimic acid. This reaction occurs in two distinct metabolic pathways: (i) the biosynthetic shikimate pathway of aromatic compounds in microorganisms and plants (Bentley, 1990; Haslam, 1993) and (ii) the catabolic quinate pathway, a carbon-scavenging pathway common to many microbial species (Giles et al., 1985) .
The DHQases can be divided into two different classes according to the mechanism of action, stereochemistry, overall structure and sequence homology (White et al., 1990; Servos et al., 1991; Kleanthous et al., 1992; Harris et al., 1996) . The type I enzymes, which are involved only in biosynthesis, occur either as homodimers of subunit M r = 27 000 or as components of multifunctional enzymes with other shikimate-pathway enzymes (Lumsden & Coggins, 1977; Charles et al., 1986; Bentley, 1990; Deka et al., 1994) . They use a covalent imine intermediate to catalyze a syn elimination (Butler et al., 1974; Chaudhuri et al., 1991) . The type II enzymes are dodecamers consisting of identical subunits of M r 16 000. They work by an entirely different mechanism and catalyze a trans elimination that almost certainly involves an enolate-type transition-state mechanism Gourley et al., 1994; Bottomley et al., 1996; Harris et al., 1996) .
Recently, the structures of both a type I (from Salmonella typhi) and a type II (from Mycobacterium tuberculosis) DHQase were solved (Gourley et al., 1999) . The overall structure of type I DHQase from S. typhi consists of a single domain that folds into the commonly observed eight-stranded / (or TIM) barrel.
A comparative analysis of the native type I enzyme with that of the borohydride-reduced product±enzyme complex has suggested that there are critical structural changes that affect the activity of the enzyme. One of the loops of the enzyme, that between strand h and helix H (see below), acts as a lid for the active-site cleft, shielding the active site from the solvent environment.
Small differences in the crystallization conditions lead to signi®cantly different crystal forms. Here, we present the structure solution of two new crystal forms of the type I DHQase enzyme from S. typhi and compare them with the original crystal form of the same enzyme (Gourley et al., 1999) . We have used the following arbitrary nomenclature: crystal form I (native enzyme; new; P2 1 2 1 2, one chain per asymmetric unit), crystal form II (P2 1 , two chains per symmetric unit; PDB code 1qfe) and crystal form III (borohydride-reduced enzyme±product complex; Chaudhuri et al., 1991;  new; P2 1 , four chains per asymmetric unit).
Materials and methods
Samples of DHQase from S. typhi were puri®ed to homogeneity from an overproducing strain of Escherichia coli and subjected to a sparse-matrix crystallization screen. Several crystallization trials were performed and the best conditions were found using PEG 4000 as precipitant and 100 mM citrate±phosphate as buffer in the pH range 5.0±6.5 (Boys et al., 1992) . Soaking with different heavy atoms yielded derivatives for MIR phase determination (Gourley et al., 1999) .
X-ray diffraction data sets were collected at room temperature using synchrotron radiation at stations X31 and X11 at the EMBL Outstation, Hamburg and an Enraf±Nonius FR571 X-ray generator in-house. The images were collected using a MAR image-plate detector. The data were processed, indexed and merged using the programs DENZO and SCALEPACK (Otwinowski & Minor, 1997) . Data-collection statistics are summarized in Table 1 . The structure of crystal form II was determined by multiple isomorphous replacement as described in Gourley et al. (1999) . The structures of crystal forms I and III were solved by molecular replacement (AMoRe; Navaza & Saludjian, 1997) using the structure of crystal form II as search model. The single main peaks in the rotational function had correlation coef®cients of 0.31 and 0.19 for crystal forms I and III, respectively, with the next highest peaks in both forms having values of less than 0.1. These rotation solutions were used in the translation-function search and the best solutions were subjected to ten cycles of rigid-body re®nement, yielding an R factor of 21.6% for crystal form I (88.2% correlation factor) and 27.1% for crystal form III (81.3% correlation factor). Crystallographic re®nement was carried out using the maximum-likelihood method implemented in the program REFMAC (Murshudov et al., 1997; Collaborative Computational Project, Number 4, 1994) . Successive rounds of cycles of re®nement interspersed with manual adjustment using the program O (Jones & Kjeldgaard, 1993) were employed to improve the quality of the original molecular-replacement solution. Non-crystallographic symmetry restraints were in place at this stage. The model was inspected using both F o À F c and 2F o À F c electron-density maps. The progress of the re®nement was monitored using both the conventional and free R factors (Bru È nger, 1992) . The re®nement rounds continued until both R factors reached a minimum value, with no further improvements as new rounds were requested. Water molecules were then added with the program ARP (Lamzin & Wilson, 1993) before continuing re®nement with the program REFMAC.
The R factor of the ®nal model of crystal form I was 17.6%, with an R free of 22.6% for data in the resolution range 10±1.78 A Ê . Removal of the NCS restraints at the end of the re®nement followed by a few further cycles led to the R free rising slightly, thereby indicating that their removal was unjusti®ed (Kleywegt & Jones, 1997 
Results and discussion
3.1. General description of the S. typhi type I DHQase structure
The geometry of the molecules in each of the crystal forms is good, with all but one of the residues falling at least within the generously allowed regions of the Ramachandran plots. The residue lying in a disallowed region is Lys7 from subunit 4 of crystal form III, the distortion of which is caused by the interaction of its carbonyl group with the charged side chain of Lys160 of subunit 1.
The DHQase molecule has a typical (/) 8 (TIM barrel) structure ( Fig. 1) , with two short antiparallel -strands located at the N-terminal end of the barrel that block it off. The opposite end of the barrel provides the means by which substrate can reach the active site of the enzyme. While the short loops connecting the -strands and -helices consist of six residues on average, the hH loop (residues 227±239) contains 13 residues, four of which, including Gln236 which makes direct contact with the substrate, are strictly conserved. In addition, this loop is located at the C-terminal end of the barrel, adjacent to the entrance of the active site. When substrate is in the active site, the loop is closed; in the absence of substrate, the loop swings open and appears to adopt several conformations, as suggested by the poorly de®ned electron density and larger average B factors.
A particular feature of the family of TIM-barrel enzymes is the packing of side chains in the core. Normally, the core of a TIM barrel is arranged in three layers, where each layer contains four side chains from alternate -strands (Branden & Tooze, 1999) . In the structure of DHQase, Ile44, Met112, Ile168 and Ala223 of strands b, d, f and h, respectively, form the ®rst layer, closest to the N-terminal end of the barrel. The second, or middle, layer comprises Ile19, Leu78, Val139 and Ile201 of strands a, c, e and g, respectively. Finally, the third layer, nearest the C-terminal end of the barrel, contains the active site but is made up of the polar residues Ser21, Glu46, Arg48, Thr80, Arg82, Asp114 and Lys170 on strands a, b, b, c, c, d and f, respectively.
In DHQase, closure of the hH loop forms an additional hydrophobic layer on top of the third hydrophilic one, composed of residues Phe145, Ala172, Met205 on strands e, f and g, respectively, and residues Ala233 and Pro234 of the hH loop.
The physiological dimer and crystal form I
The main interface of the molecule responsible for speci®c dimer formation is present in solution as the physiological unit (Reilly et al., 1994) and is also found in all three lattices. It is formed by the side chains of residues located on helices F, G and H of one monomer that pack against the same helices of the other monomer. The barrels are arranged side-by-side, The physiological dimer interface. Blue and yellow shades represent elements belonging to different subunits. Magenta depicts the loop residue Gly235 interacting with Ala252.
with the active sites facing in opposite directions (Fig. 2) . There are four residues involved in this packing, making only four interactions (Table 2) . It is interesting to note that although the enzyme is a dimer, there are relatively few hydrogen bonds in the dimer interface. While generic dimeric interfaces have on average 0.88 AE 0.40 hydrogen bonds per 100 A Ê 2 buried surface area per subunit (Jones & Thornton, 1995) , the dimer interface of the DHQase has only 0.34 hydrogen bonds per 100 A Ê 2 buried surface area per subunit. However, this is the highest value found of all the interfaces present in the three crystal forms. Moreover, the dimerdissociation constant can be estimated from the data in Kleanthous et al. (1992) to be about 18 mM (or ÁG o 9 25 kJ mol À1 ), which is not an atypical value for a dimerdissociation constant. The ÁG o value is also consistent with the number of hydrogen bonds observed.
The native crystal, form I, has the subunit as the asymmetric unit, indicating a strict molecular as well as crystallographic twofold symmetry. However, in crystal forms II and III there is no such restriction. Superimposing the dimers from the different lattices showed no signi®cant RMS deviation in the C -atom positions. This suggests that the dimer interface is relatively stable, without signi®cant movements between the monomers (such as a hinge movement), despite the few formal interactions that hold the two chains together. In addition, the RMS deviation of the side-chain atoms involved in the dimer interface shows there is no signi®cant difference in their positions. Further supporting evidence of the high stability of this interface can be inferred from the solvent-accessible area buried on dimerization. The dimer interface buries $1150 A Ê 2 of the accessible surface area per dimer and similar values are found in all three crystal forms. The percentage of buried surface at this interface is thus constant at $10.6% for each lattice and lies well within the range typically found for strongly associated dimers (Jones & Thornton, 1995;  Tables 2  and 3) . Table 2 shows that in crystal form I, the native enzyme, the C-terminal carboxyl group makes an additional hydrogen bond to the NH group of Gly235 in the open hH loop (Fig. 2) . In the structures of the enzyme with labelled Lys170 in the active site (crystal forms II and III, loop closed), this Gly235± Ala252* interaction is absent. The presence of the hH loop in the interface in crystal form I increases the buried surface area by a small amount, re¯ecting the presence of the single hydrogen bond from Gly235.
The active site
Binding of the substrate to the native enzyme induces closure of the hH loop, breaking the Gly235±Ala252* hydrogen bond. The energy required is offset to some extent by the interactions between Ser234, Gln236 and the substrate. Several water molecules are also displaced during binding, from both the cavity and from the loop. For example, there are waters equivalent to the substrate 4-and 5-hydroxyl groups and a line of waters between Ser21 and Lys170, all of which occupy the space required by the C 3 ±C 5 part of the substrate ring. However, there is no clearly de®ned solvent observed in the volume occupied by the C 6 , C 1 and C 2 C atoms or the carboxylate of the substrate. This may be because of the largely hydrophobic nature of the side chains of Phe225 and Met203 which dominate this part of the active site. Further, the side chain of Arg213, which forms a hydrogen bond with the main-chain carbonyl group of Phe225 in the free enzyme structure, moves to form an ion pair with the carboxyl group when the substrate binds. As observed elsewhere in crystal form II (Gourley et al., 1999) , the substrate is exquisitely located in the active site and the ®nal hydrogen bonds with Gln236 and Ser234 are presumably formed as the lid loop hH swings over to close off the active site from the solvent.
In the absence of substrate, this loop is mobile and the hydrophobic nature of the fourth layer of residues should favour the closed conformation, but access to the active site requires it to be open. Thus, it seems possible that the Gly235± Ala252* hydrogen bond in crystal form I will enhance the activity of the enzyme by counteracting the slight bias towards the closed position of the loop. This explains why in the absence of substrate we see the loop, albeit sketchily, in the open substrate-receptive position. In fact, the average B factors for the hH loop in crystal form I are signi®cantly higher than those of crystal forms II and III (Table 4 ).
In the active site of crystal form III, the dehydroshikimate (product) molecule has the same environment in each of the four independent chains of the asymmetric unit. Each subunit contains one borohydride-reduced dehydroshikimate, covalently linked to residue Lys170. As in crystal form II, the substrate is coordinated by Ser21 OG, Glu46 OE2, Arg48 NH1, Arg213 NH1 and NH2, Ser232 OG and Gln236 NE2. The active sites in all crystal forms are alike, with the exception of the Met203 and Arg213 side chains in the native crystal form I. In the native enzyme, both of these side Table 3 Accessible areas of the functional dimer in three crystal forms, arranged in pairs. The placement of the substrate in the active site of cystal form III was guided by the electron density. However, the electron density for the same regions was poorer than in crystal form II. Although the electron density was continuous, its volume was larger than in form II, suggesting less precise location. In fact, the electron density was slightly stretched midway between atom C3 of the substrate and the ring of Phe145. The program ARP (Collaborative Computational Project, Number 4, 1994) assigned two water molecules to this position. Interestingly, the same water molecules are present in the native form, which suggests that the active site may not have been fully occupied by covalently bound substrate in this crystal form. However, in subunits 1 and 3 of form III even the B factors are very similar to those found in the native form (subunit 1, form III, Wat169, 43.5 A Ê 2 , Wat208, 32.5 A Ê 2 ; subunit 3, Wat204, 40.5 A Ê 2 , Wat211, 33.5 A Ê 2 ; form I, Wat103, 51.6 A Ê 2 , Wat32, 32.4 A Ê 2 ), yet the product 3-dehydroshikimate is clearly visible.
In addition to the several interactions with structural water molecules, a network of intramolecular hydrogen bonds also stabilizes the residues involved in binding the substrate. For example, Gln236 interacts with Ser232 in order to orient it towards the DHQ molecule. There are also hydrophobic interactions among the C atoms of the DHQ ring and several residues, two of which are implicated in the fourth hydrophobic layer (Met203 and Ala233, see above).
Finally, there is a signi®cant increase in the stability of the enzyme when the substrate is bound (Kleanthous et al., 1991) : the concentration of GuHCl required to unfold the native enzyme is about 1.5 M and this increases to 4 M when the substrate or product is bound. Exclusion of water from the active site together with formation of the fourth hydrophobic layer locks the core of the structure, making it resistant both to chaotropic agents and to thermal denaturation.
Crystal form III
Two physiological dimers constitute the asymmetric unit of the crystal form III. These two dimers interact solely through subunits 2 and 3, making a structure similar to the Greek capital letter lambda (Ã). There are two hydrogen bonds between these two subunits, namely 2-Arg38 NH1 to 3-Asn135 OD1 (2.34 A Ê ) and 2-Ala71 N to 3-Ala133 O (3.19 A Ê ). In addition, there is an interaction mediated by a water molecule, bridging residues 2-Glu39 OE1±Wat88± 3-Asp167 OD1 (2.78 and 3.28 A Ê ). One face of subunit 2 of the 1±2 dimer interacts with the edge of a face of subunit 3 of the 3±4 dimer. In fact, the C-terminal ends of helices A (Arg38) and B (Ala71) in subunit 2 interact with the end of helix D (Ala133 and Asn135) in subunit 3. This interface buries an area of some 327 A Ê 2 which is well below the value expected for a physiologically relevant interface (Jones & Thornton, 1995) .
Inspection of the`lambda' interface and superposition of several chains from different crystal forms reveal that the side chains do not differ signi®cantly in conformation, except for the side chain of Arg38 of subunit 2. In all other subunits, this side chain points straight out into the solvent. In crystal form III, residue 2-Arg38 assumes a relatively well de®ned conformation (B factor = 37.5 A Ê 2 , compared with higher values for the residues n either side) that allows formation of the two hydrogen bonds that bind the subunits 2 and 3 together. None of the residues involved in the lambda interface is conserved except Asp167, suggesting that these interactions occur merely as a result of the crystallization conditions. Schematic drawings of the different packing patterns of each crystal form. Contact areas are depicted as coloured patches colour coded for each crystal form (green for I, red for II and yellow for III). The active site is represented as a cavity and the bottom of the barrel as a¯at raised disc on the sphere, clearly seen in row a. The magenta stripe represents the position of helix H. Comparison of the contact areas utilized by the three crystal forms is shown in four different orientations, a, b, c and d, but observed from the same viewpoint in each crystal form. In crystal forms II and III, where there is more than one subunit per asymmetric unit, the patches are colour coded according to the subunit to which the patch belongs. In crystal form II, subunit 1 has red contact patches, while those of subunit 2 are orange. In crystal form III the colour scheme is the following: subunit 1 (yellow with black stripes), 2 (green), 3 (yellow with white stripes) and 4 (plain yellow). 
Crystallographic contacts
Each crystal form presents several distinct crystallographic contacts, few of which are common to the three crystal forms. However, in each case different residues combine to form different patches that make the crystallographic contacts. There are few of these patches and in general they comprise at most three residues. The main patch is that forming the physiological dimer and is only present as a crystallographic contact in crystal form I. A schematic drawing of the areas of contact for each of the crystal forms is presented in Fig. 3 , while Table 5 summarizes the crystallographic contacts made by residues Arg38, Gln59 and Asp123 in all three crystal forms. It is clear that these three residues do not form a patch common to all forms. The number of residues involved in crystallographic interactions of each of the three forms is similar (17 in form I, 16 in form II and 18 in form III) and often the contact is made through a single residue. Further, despite the similarity of the unit-cell lengths (a I 9 c I 9 b II 9 a III , 2b II 9 c II ; 2a III 9 c III , c II 9 c III ), which is presumably a re¯ection of the approximately cylindrical nature of the dimers, the arrangement of molecules is not related. Thus, for example, the bc face of form II bears little resemblance to the ac face of form III, a consequence of the widespread distribution of potential crystal contacts all over the molecular surface.
The lack of a consistent pattern of interacting patches or residues could explain the signi®cant polymorphism that has hindered crystallographic studies. The borohydride-reduced Schiff-base intermediate of the enzyme that was eventually solved was expected to lock the structure and produce a unique crystal form, but it is in fact only the native form that makes some use of an active site-related crystal contact and involves the base of the lid loop hH: the side chains of residues at the base of the loop (Lys229 and Asn240) interact with a crystallographic neighbour.
Conclusions
Careful analysis of the different crystal forms shows that there are no very speci®c patches on the molecule surface that lead to a unique crystal packing. The effect of this is that there are several possible packing arrangements which can form from essentially the same conditions. The environment of the substrate± product molecule is one that provides high speci®city and is unaffected by the different crystal forms. Despite the large number of speci®c interactions between substrate and enzyme, slight variations in position do appear to be possible. However, it is not clear from this study that these minor differences have any functional signi®cance.
Careful comparison of the three different crystal forms suggests that the functional dimer interface is implicated in the enzyme mechanism. It appears that the open position of the hH loop is stabilized by the dimer interface, thus facilitating access to the active site by the substrate. The stabilization, in the manner of a weak catch, is achieved through a hydrogen bond formed between the C-terminal residue from one subunit, Ala252, and the conserved Gly235 residue in the loop. When substrate binds, new hydrogen bonds as well as several hydrophobic interactions (the fourth hydrophobic layer) are formed, completing a solvent-shielding layer that allows the reaction to proceed ef®ciently. Table 5 Residues involved in crystallographic hydrogen-bonding contacts.
Residues making contact in the all three crystal forms are listed in the ®rst column. The following columns specify the subunit and the residue(s) that are involved in the crystallographic contact(s) in each crystal form. The numbers in parentheses after residues identify the subunit to which they belong.
Residue
Form I (17)² Form II (16) ² The values in parentheses are the total number of interacting residues in each crystal form.
